ABSTRACT
INTRODUCTION
Embryonic stem (ES) cells have been extremely powerful experimental systems for understanding basic biological and developmental systems [1, 2] and for precise genetic modification of mice [3] [4] [5] . Unfortunately, similar cell lines have been difficult to establish in other species [6, 7] . An alternate source of pluripotent stem cells are embryonic germ (EG) cells derived from primordial germ cells (PGCs) of the developing fetus [8, 9] . Mouse PGCs can be identified by the expression of tissue nonspecific alkaline phosphatase (TNAP) at 7.0 days postcoitum (d.p.c.) and are first detected in the extraembryonic mesoderm [10] . They then migrate toward the developing embryonic gonad over the next 5 days of embryonic development [11] . During migration, PGCs actively proliferate and increase in cell numbers about 300-fold [12] . Matsui et al. [13] and Resnick et al. [14] established pluripotent EG cell lines from mouse PGCs using a mixture of growth factors and coculture with feeder cells. These EG cells exhibited all of the morphological characteristics of pluripotent ES cells and expressed alkaline phosphatase (AP) and stage-specific embryonic an- tigen-1 (SSEA-1) as markers of the undifferentiated phenotype [13, 14] . As for ES cells, EG cells can be induced to differentiate in vitro (formation of embryoid body), as well as in vivo (teratocarcinoma development). More importantly, when introduced into host blastocysts, EG cells can also contribute to the formation of germline chimeras [13] [14] [15] [16] .
Pig [17] , cattle [7, 18] , rabbit [7, 19] , and rat [7, 20] PGCs have been collected and characterized by their morphology and immunohistochemistry. We and others have previously shown that porcine EG cell lines can be isolated [21] [22] [23] , genetically transformed [21] , and contribute to chimera development in the pig [21] [22] [23] . The isolation of putative bovine EG cells has also been reported [24, 25] . Recently, using bovine fetal germ cells, a live calf was born following nuclear transfer, suggesting that bovine fetal germ cells can be reprogrammed to support development to term [26] .
In mice, it has been reported that the loss of PGCs in vivo and in vitro is partially due to apoptosis [27, 28] . Apoptosis is characterized by morphological features such as cell shrinkage, chromatin condensation, membrane blebbing, and disintegration into apoptotic bodies [29] . In addition, there are several biochemical characteristics including internucleosomal DNA cleavage [30] , release of cytochrome c from mitochondria into cytoplasm [31] , cascade of caspase reactions [32] , and translocation of phosphatidylserine from inner to outer plasma membrane [33] .
In the developing fetal gonad, some fetal germ cells die by apoptosis during migration and differentiation [27, 34, 35] . More importantly, when isolated mouse PGCs are placed into culture, electron microscopy and enzymatic analyses indicated that a large proportion of PGCs died by apoptosis [28, 36] , probably because of improper culture conditions [37, 38] , loss of contact with appropriate extracellular matrix components [39] , or oxidative stress [40] [41] [42] . Moreover, growth factors required for the culture of PGCs, such as leukemia inhibitory factor (LIF) and stem cell factor (SCF), increase survival of mouse PGCs by reducing apoptosis [36] [37] [38] . In mice, overexpression of antiapoptotic proteins such as Bcl-2, E1B-19K, and Bcl-x L , prevented apoptosis and increased survival of PGCs [43] . In addition, the general process of apoptosis can be inhibited in several eukaryotic cell types by addition of soluble factors such as protease inhibitor and antioxidants [44] [45] [46] [47] . Protease inhibitors could reduce the effects of various caspases activated during apoptosis, and antioxidants could reduce or prevent apoptosis by scavenging reactive oxygen species (ROS), thus decreasing oxidative stress.
We report here the result of evaluation of the effect of in vitro culture of porcine PGCs on the induction of apoptosis and effects of protease inhibitors and antioxidants on survival of porcine PGCs in culture.
MATERIALS AND METHODS

Collection of Porcine PGCs
All animal care and use procedures followed approved institutional guidelines. Porcine fetuses from crossbred gilts were collected by hysterectomy between Days 25 and 30 of pregnancy (estrus ϭ Day 0). Fetuses were washed in PBS supplemented with BSA (0.4%; Sigma, St. Louis, MO) and penicillin/streptomycin (1%; Gibco BRL, Rockville, MD) (PBS/BSA/PS). Urogenital ridges, detected as longitudinal protrusions along the medial mesonephric surface, were isolated and washed in PBS/BSA/PS followed by several washes in PES medium (50 Primordial germ cells were isolated by incubation of the genital ridge in 0.25% trypsin:1 mM EDTA solution (Gibco BRL) followed by gentle pipetting or by mechanical dissociation of genital ridges into small fragments followed by gentle pipetting. After tissue disruption, cells were centrifuged for 5 min at 50 ϫ g to remove tissue debris and clumps. The supernatant containing most of the single cells was collected and centrifuged at 200 ϫ g for 10 min. The purity of porcine PGCs after isolation was approximately 50-70%, determined by AP staining.
Experiment 1: Characterization of PGCs and PGCDerived Cells
In vitro culture of porcine PGCs. Freshly isolated PGCs were resuspended with PES medium containing the cytokines, soluble recombinant human SCF (40 ng/ml), human basic fibroblast growth factor (bFGF; 20 ng/ml), and human LIF (20 ng/ml). All cytokines were obtained from R&D Systems (Minneapolis, MN). Cell suspensions with 10 000 PGCs/ml were plated on irradiated mouse STO feeder cells (3 ϫ 10 6 cells per 35-mm well), as previously described [21] and cultured in a humidified environment of 5% CO 2 in air at 38ЊC. The PGC-derived colonies with ES-like morphology after 7-10 days of culture were dissociated with 0.25% trypsin:1 mM EDTA (Gibco BRL) for 10 min and passed to fresh feeders for establishment of cell lines. Cells were observed at 24-h intervals for changes in morphology using a Zeiss Axiovert 35 microscope. The state of differentiation of the PGC-derived cells was determined by morphology and by expression of AP.
Alkaline phosphatase staining. The AP activity was determined, as described previously [48] , after culture plates were rinsed twice in PBS and fixed in 4% formaldehyde in PBS for 15 min at room temperature. Fixed cells were washed twice with PBS and stained in naphthol AS-MX phosphate (200 g/ml; Sigma) and fast red TR salt (1 mg/ ml; Sigma) in 100 mM Tris buffer, pH 8.2 for 30 min at room temperature. Washing cultures in PBS terminated staining. Specificity of AP activity was determined by staining in the presence of the AP inhibitor, tetramisole (500 M; Sigma). Mouse ES cells also were stained as positive control for AP activity.
Stage-specific embryonic antigen-1 staining. Porcine PGCs and PGC-derived colonies were stained for expression of SSEA-1, using monoclonal antibody to SSEA-1 (Developmental Studies Hybridoma Bank, University of Iowa) diluted 1:10 in PBS supplemented with 5% goat serum (Gibco BRL). The antibodies were tested for sensitivity and specificity on undifferentiated and differentiated mouse ES cells prior to use with porcine PGCs. To block nonspecific background staining, goat serum diluted 1:10 with PBS was applied to slides or tissue culture wells for 30 min at room temperature, followed by addition of primary antibody and incubation for 1 h at room temperature or 4ЊC overnight. To detect the primary antibody, Vectastain ABC kit (Vector Laboratories, Burlingame, CA) was used according to manufacturer's instructions. Briefly, cells were incubated with biotinylated-secondary antibody solution for 30 min and washed with PBS. Then, avidin conjugated with AP was applied, followed by addition of substrate for color development. To block the activity of endogenous AP, tetramisole was added with substrate solution. Specificity of SSEA-1 expression was determined by staining in the absence of the primary antibody.
Experiment 2: Analysis of Apoptosis in Porcine PGCs In Vitro
Light and transmission electron microscopic analysis of cultured PGCs. Porcine PGC-derived cells were observed at 24-h intervals using an inverted light microscope (Carl Zeiss, Thornwood, NY). For transmission electron microscopy, porcine PGCs were cultured in suspension with PES medium for up to 6 h. At 2-h intervals, cells were collected, washed with PBS, pelleted, and fixed at 4ЊC overnight in 1 ml Karnovsky's glutaraldehyde-formaldehyde in 0.1 M sodium cacodylate buffer. After fixation, pellets were washed three times for 15 min each in 0.1 M sodium cacodylate buffer and postfixed in 1% OsO 4 in 0.1 M sodium cacodylate buffer for 2 h at room temperature. After rinsing three times each with 0.1 M sodium cacodylate buffer and water, pellets were incubated with uranyl acetate overnight at 4ЊC and dehydrated in a graded series of ethanol from 50-100% followed by washing in propylene oxide, three times for 15 min. Infiltration was with a 1:1 mixture of propylene oxide:Epon Araldite overnight and 100% Epon Araldite for 4 h. Embedding in 100% Epon Araldite was at 56ЊC for 48 h. Sections were cut, dried, and stained with toluidine blue for visualization under the light microscope, while ultrathin sections were stained with uranyl acetate for 12 min, lead citrate for 12 min, and viewed with a transmission electron microscope (Zeiss 10C) after drying.
Analysis of apoptosis in cultured PGCs by in situ TUNEL assay. Freshly isolated or cultured PGCs were attached to poly-L-lysine-coated slides and fixed in 1% paraformaldehyde in PBS, pH 7.2 for 10 min at room temperature. After washing twice with PBS, cells were stained according to protocols with the ApopTag kit (Intergen, Purchase, NY). Briefly, cells were treated with equilibration buffer and stained in labeling solution containing digoxigenin-dNTP and Tdt (terminal deoxynucleotidyl transferase) for 60 min at 37ЊC. The Tdt catalyzes a template-independent addition of digoxigenin-dNTP to the 3Ј-OH end of DNA breaks. After termination of the reaction and several washes, cells were incubated with an antidigoxigenin antibody conjugated to fluorescein for 30 min at room temperature. After a wash with PBS, slides were counterstained for 30 min at room temperature and mounted using mounting medium containing 0.5-1.0 g/ml propium iodide (Antifade; Oncor, Tuscon, AZ). Slides were then viewed using fluorescence microscopy.
Experiment 3: Effect of Apoptosis Inhibitors on Cultured Porcine PGCs
To determine the effect of apoptosis inhibitors on in vitro survival of porcine PGCs, freshly isolated PGCs were cultured as described previously with or without apoptosis inhibitors. After 7-10 days of culture, colonies were stained for AP activity and counted. Four series of experiments were performed. Experiments first determined effects of ␣ 2 -macroglobulin (MAC: broad range protease inhibitor, 0.7 pM), N-acetylcysteine (NAC: antioxidant, 1.0 mM), and the combination of MAC and NAC. The second series of experiments determined the dose response for each of the two compounds MAC (0.35, 0.7, 1.4, and 2.8 pM) and NAC (0.25, 0.5, 1.0, and 2.0 mM) to determine the optimal concentration of each inhibitor. The third series of experiments tested effects of other protease inhibitors and antioxidants on the survival of cultured PGCs. Protease inhibitors tested included pepstatin A (PA, 50 M), 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF, 250 M), and N␣-p-tosyl-L-lysine chloromethyl ketone (TLCK, 100 M). Antioxidants tested were butylated hydroxyanisole (BHA, 0.1 mM), N-t-butyl-␣-phenylnitrone (BPN, 1.0 mM), cimetidine (CIM, 2.0 mM), and glutathione (GSH, 2.0 mM). After culture, colonies were stained, counted, and analyzed as described previously. In the fourth series of experiments, we analyzed for effects of apoptosis inhibitors at different time periods of culture by exposing cells to the inhibitors for either the first half period (4-5 days) or the second half period (4-5 days) of the culture period.
Experiment 4: Survival of Cultured PGCs in a Feeder Cell-Free System: Interaction Between Growth Factors and Apoptosis Inhibitors
To determine the effect of MAC and NAC in the absence of feeder cells, PGCs (100-200 cells) were plated on chambered slides previously coated with poly-L-lysine in medium with or without inhibitors, in the presence or absence of growth factors. Cells were fixed, stained for AP, and counted at 24, 48, and 72 h.
Experiment 5: Direct Quantitative Analysis of Effects of Apoptosis Inhibitors on Porcine PGCs
To determine the direct effects of apoptosis inhibitors on survival of porcine PGCs, an in situ TUNEL assay and AP staining were performed. Briefly, freshly isolated cells were cultured without feeder cells in a chambered slide (NalgeNunc Int., Naperville, IL) coated with poly-L-lysine in PES medium with or without the inhibitors MAC (0.7 pM) or GSH (2.0 mM) in the presence or absence of growth factors. After culture, cells were fixed and stained for AP to identify PGCs from other somatic cells. Then, apoptotic cells were analyzed by TUNEL assay using ApopTag Kit (Intergen) as described in experiment 2 above. The proportion of apoptotic PGCs that were both AP positive and fluorescent was determined.
Statistical Analysis
All experiments were replicated at least three times. The means were normalized to the treatment with no inhibitors added (control) to reduce variation among different batches of PGCs, tested for homogeneity of variance, and analyzed by ANOVA. Mean separation was accomplished by Fisher's protected least significant difference (LSD) using SuperANOVA software (Abacus Concepts, Berkeley, CA). For experiments 4 and 5, comparisons were made between treatments and time by Split-Plot Analysis using Super-ANOVA software. The level of significance was set at P Ͻ 0.05.
RESULTS
Experiment 1: Characterization of Porcine PGCs and PGC-Derived Cells
Results from transmission electron microscopy indicated that the morphology of porcine PGCs was similar to that characteristics of mouse PGCs (Fig. 1, A and B) , including a relatively round shape, large size (10-20 m), and high nuclear to cytoplasmic ratio compared to somatic cells (Fig.  1A) . Pseudopods, a typical feature of migratory cells, were present in some PGCs (Fig. 1B) .
The PGCs also stained for AP activity (Fig. 1C) , a common marker of the undifferentiated phenotype [49] . Specificity of AP activity was determined by staining in the presence of tetramisole, an AP inhibitor. In this case, AP activity of PGCs was inhibited completely (Fig. 1D) . These results were confirmed using undifferentiated mouse ES cells (data not shown). Freshly isolated PGCs were also stained for the expression of SSEA-1 (Fig. 1E) . To block the reaction from endogenous AP of PGCs, tetramisole was added along with substrate solution. The SSEA-1 antibody specifically detected large round cells, and the signals were detected mostly on the surface of the cells, which is consistent with the fact that SSEA-1 is a surface antigen in undifferentiated embryonic cells [50] . The specificity of the reaction was tested in the absence of SSEA-1 antibody (Fig.  1F) . These results were confirmed by staining undifferentiated mouse ES cells (data not shown).
Isolated PGCs were cultured in vitro for 7-10 days before trypsinization, passed onto fresh feeder cells every 6-9 days, and observed for the presence of colonies with ESlike morphology. The colony-forming rate (number of colonies/number of cells plated) of porcine PGCs was 9.45 Ϯ 4.28% (ranged from 3.96 to 17.16%). The morphology of the porcine PGC-derived colonies was virtually indistinguishable from that of mouse ES colonies, including welldelineated colonies of multilayered cells that were tightly packed and retained typical PGC morphology such as a large nucleus and one or more prominent nucleoli (Fig. 2,  B and D) . The PGC-derived colonies with ES-like morphology were AP positive, demonstrating that they were in an undifferentiated state ( Fig. 2A) . However, AP activity was gradually lost as the PGC-derived colonies differentiated from ES-like to epithelial-like morphology (data not shown). Also PGC-derived colonies reacted with SSEA-1 antibody (Fig. 2C) . Specificity for AP and SSEA-1 were tested in the presence of tetramisole and in the absence of primary antibody, respectively (Fig. 2, B and D) . As described previously [21] , porcine PGC-derived colonies placed in suspension culture in medium containing calf serum without growth factors differentiated into simple embryoid bodies (data not shown).
Experiment 2: Analysis of Apoptosis in Porcine PGCs In Vitro
Isolated porcine PGCs were cultured in suspension in the absence of growth factors for up to 6 h. Every 2 h cells were collected and processed for analysis by electron microscopy (Fig. 3) . Freshly isolated PGCs had normal morphology including heterogenous nuclear chromatin, a large nucleolus, and evenly dispersed organelles (Fig. 3A) . However, PGCs cultured in suspension had the characteristic morphology of cells undergoing apoptosis. At 2 h, PGCs had lost some volume and had undergone massive chromatin condensation (Fig. 3B) . The PGCs also showed membrane boiling and blebbing and cytoplasmic vacuoles in the organelle-crowded cytoplasm. At 4 h the nucleus showed distinct chromatin condensation and fragmentation (Fig. 3C) , and apoptotic bodies, sealed with membrane and containing cellular organelles, had begun to form at one side of the cell. Finally, by 6 h the PGCs had degenerated into apoptotic bodies (Fig. 3D) , without loss of intracellular contents, a distinct difference between apoptosis and necrosis.
Apoptosis in porcine PGCs was also evaluated using the in situ TUNEL assay that detects internucleosomal DNA double-strand breaks, one of the earliest events of the apoptotic process. Consistent with electron microscopic observations, TUNEL staining failed to detect any chromosomal damage immediately after isolation of cells (Fig. 3E) . However, by 6 h of culture, TUNEL-positive cells increased dramatically (Fig. 3F) , with signal from fluorescein being specific to apoptotic nuclei (Fig. 9) . The specificity of the reaction was confirmed by incubating cells in the absence of Tdt enzyme and demonstrating that no TUNEL-positive nuclei were present at 6 h of culture (data not shown).
Experiment 3: Effect of Apoptosis Inhibitors on Cultured Porcine PGCs
Effects of MAC and NAC on survival of porcine PGCs in vitro. Apoptosis inhibitors such as protease inhibitors and antioxidants can protect cells from apoptosis [44, 47] . To investigate the possible role of apoptosis inhibitors on survival of porcine PGCs in vitro, we evaluated the effects of two typical apoptosis inhibitors, a broad-range protease inhibitor, MAC, and the thiol-containing antioxidant, NAC, on the increase in the number of AP-positive PGC-derived colonies in vitro. After 8-10 days of culture, in the present study, PGC-derived colonies were stained for AP and counted. The presence of either MAC (0.7 pM) or NAC (1.0 mM) increased the number of AP-positive colonies compared to control by 2.0-and 2.7-fold, respectively (Fig.  4) , without affecting morphology and AP staining pattern of the colonies. The combined effects of MAC and NAC on porcine PGCs was a slight but significant (P Ͻ 0.05) additive effect (3.2-fold) over either MAC or NAC alone (Fig. 4) .
Dose-response effects of MAC and NAC. To determine the optimal concentrations of MAC and NAC, dose-response experiments indicated MAC was most effective at 0.7 pM (Fig. 5A ) with 1.9-fold more AP-positive colonies and had no effect on the morphology of the colonies. For NAC, the 0.5 mM dose increased the number of AP-positive colonies (P Ͻ 0.05), but the greatest effect was at 2.0 mM (Fig. 5B) , and without effect on morphology except that the colonies appeared more compact than those cultured without NAC.
Effects of other protease inhibitors and antioxidants on porcine PGCs. Both MAC, a protease inhibitor, and NAC, an antioxidant, had beneficial effects on survival of porcine PGCs; therefore, other protease inhibitors and antioxidants were tested for effects on the survival of porcine PGCs in vitro. The molecules tested included a broad-range protease inhibitor MAC, the acid (or carboxyl) protease inhibitor PA, a serine protease inhibitor AEBSF, and the trypsin-like serine protease inhibitor, TLCK. Concentrations tested were 0.7 pM, 50 M, 250 M, and 100 M, respectively, and were chosen based on published reports [44] . Among these four protease inhibitors tested, only MAC increased (P Ͻ 0.05) the number of AP-positive colonies (Fig. 6A) .
The effects of four antioxidants with different characteristics were also tested [47] ; NAC, a thiol-containing antioxidant (2.0 mM), BHA, a synthetic phenolic antioxidant (0.1 mM), BPN, a selenosubstilin (1.0 mM), and CIM, a suppressor of gastric acid secretion (2.0 mM). Each of the four antioxidants increased (P Ͻ 0.05) the number of APpositive colonies, but BHA had the greatest effect (2.5-fold) (Fig. 6B) . Additionally, in a separate experiment, GSH (2.0 mM), a tripeptide cellular antioxidant, increased (P Ͻ 0.05) the AP-positive colonies as much as BHA (2.8-fold) (Fig.  6C) . None of the treatments affected morphology and APstaining pattern of the PGCs. These results indicate that the number of PGCs in vitro can be increased by addition of antioxidants. In spite of the enhanced response of BHA compared to NAC, we chose to continue using NAC in the remaining studies to allow comparisons with previous experiments utilizing NAC.
Temporal effects of MAC and NAC on porcine PGCs. Porcine PGCs exposed to MAC and NAC had increased numbers of colonies during the 8-10 days of culture. To determine whether these inhibitors were required for the entire culture period, porcine PGCs were exposed to either MAC or NAC throughout the 8-10 days of culture, only the first 4-5 days, or only the last 4-5 days of the culture period (Fig. 7) . The results indicated that MAC and NAC are temporally distinct with respect to their beneficial effect on porcine PGCs. Porcine PGCs exposed to MAC during the first half and the last half of the culture period formed more AP-positive colonies but not to the same extent as treatment with the MAC during the entire culture period (Fig. 7A) . However, NAC was beneficial only if present during the first half of the culture period, and its effect was the same as if it were present throughout the entire culture period (Fig. 7B) . In contrast, exposure of PGCs to NAC during the last half of the culture period did not increase the number of colonies. environment, containing both feeder cells and growth factors. Therefore, the beneficial effects of apoptosis inhibitors on porcine PGCs could come from a direct action on the PGCs or indirectly through an effect on the feeder cells. To determine whether the effect was directly on the PGCs, freshly isolated cells were plated onto chambered slides precoated with poly-L-lysine and cultured up to 72 h with or without growth factors and with or without apoptosis inhibitors (Fig. 8) . Every 24 h, cells were fixed, stained for AP, and counted. Both treatments and time affected the number of cells and an interaction between time and treatments was detected (P Ͻ 0.05). Overall, the number of PGCs decreased by 72 h of culture in all treatments, even though there was an increase at 48 h in several treatments (PES ϩ G, PES ϩ G ϩ MAC, PES ϩ NAC, and PES ϩ G ϩ NAC). These results suggest that the feeder cells are indispensable for long-term culture of PGCs as reported previously [51] . Additionally, without growth factors and apoptosis inhibitors (PES), PGC numbers decreased during 72 h of culture. The addition of MAC to the medium (PES ϩ MAC) did not prevent death of PGCs as compared to PES (P Ͼ 0.05). However, addition of growth factors (PES ϩ G) did increase (P Ͻ 0.05) the number of PGCs and the addition of MAC to PES ϩ G medium (PES ϩ G ϩ MAC) increased (P Ͻ 0.05) the number of PGCs further. Additionally, NAC increased the number of cells to the same extent as PES ϩ G even in the absence of growth factors (P Ͼ 0.05). Finally, in the presence of both growth factors and NAC, the number of PGCs was greatest and similar to results obtained in the presence of feeder cells.
Experiment 5: Direct Quantitative Analysis of Effects of Apoptosis Inhibitors on Porcine PGCs
Results of the previous experiments indicated that apoptosis inhibitors have beneficial effects on porcine PGCs in the absence of feeder cells. However, the increase in the number of colonies could be due to either an increase in the rate of proliferation or inhibition of apoptosis. Therefore, a fluorescent in situ TUNEL assay on AP-stained PGCs cultured in chambered slides in the absence of feeder cells for 6 and 12 h was used. The AP-positive porcine PGCs as well as fragmented cells were detected after 6 h of culture (Fig. 9A) . Apoptotic PGCs could be identified by its signal from TUNEL staining (Fig. 9B ). There were also some somatic cells that stained with TUNEL, but they were AP negative. Along with other apoptotic cells, each of the apoptotic bodies stained with TUNEL, especially in the region where apoptotic nuclei were located (Fig. 9, B and C). Apoptosis inhibitors, MAC and GSH, were added to culture medium with or without growth factors. The proportion of apoptotic PGCs (TUNEL positive and AP positive) were counted among at least 300 AP-stained PGCs (Fig. 10) . Similar to previous experiments, both treatments and time affected the proportion of apoptotic PGCs and an interaction between time and treatments was detected (P Ͻ 0.05). The general effects of MAC and GSH were similar to those in previous experiments (Fig. 8 ) except for the MAC treatment (PES ϩ MAC). Apoptotic PGCs increased by up to 60% after 12 h of culture in the absence of growth factors and apoptosis inhibitors. However, growth factors and apoptosis inhibitors (PES ϩ G, PES ϩ MAC, PES ϩ GSH) reduced (or prevented) apoptosis of porcine PGCs (P Ͻ 0.05) (Fig. 10) . Growth factors (PES ϩ G) and GSH treatment (PES ϩ GSH) had similar effects (P Ͼ 0.05), while MAC treatment (PES ϩ MAC) was less effective but still better than PES (P Ͻ 0.05). The combination of growth factors and apoptosis inhibitors reduced (P Ͻ 0.05) the proportion of apoptotic PGCs with PES ϩ G ϩ NAC being more effective, but not significantly (P Ͼ 0.05), than PES ϩ G ϩ MAC.
DISCUSSION
The morphology of porcine PGCs isolated from Day 25-30 fetuses had characteristics similar to those of mouse PGCs. Ultrastructural analysis of Day 26-27 pig genital ridge identified PGCs as large, round cells with nuclei having finely distributed chromatin and one or more large nucleoli that this makes them easily detectable [52, 53] . Although not shown, we also observed that cytoplasmic area of porcine PGCs contains randomly distributed round mitochondria and numerous free polysomes. Also, granular endoplasmic reticuli are present close to the large nucleus. These observations are in agreement with reports by others [52, 53] . Similar characteristics were also detected for PGCs of cattle [18] , rabbits [19] , and rats [20] , but there are species-specific characteristics of PGCs, such as the cytoplasmic vesicles of cattle [18] , the dense vesicles of mice and pigs [52, 54] , and the lipid droplets in rabbits [19] . Interestingly, porcine PGCs from Day 25-30 still had pseudopodia, suggesting that they were still migrating or had just colonized the urogenital ridge. Pelleniemi [52] described pseudopodia as large protrusions containing organelles with migratory ability. In contrast to results of the present study, Takagi et al. [17] reported that pseudopodia are not obvious in porcine PGCs from Day 26, suggesting that at this stage porcine PGCs already reside in the urogenital ridge. At this point, the basis for this discrepancy is not known.
In this and previous studies [21] , porcine PGCs were found to have intense AP activity especially in the cytoplasmic area, while somatic cells were AP negative. How- ever, there are several isozymes of APs in embryonic cells [55] , and mouse PGCs actually express TNAP [56] . Other reliable markers for PGCs are SSEA-1, Oct-4, and some lectins [17, 50, 57] . One of the developmentally regulated carbohydrates that can detect pluripotential cells such as ES, EC cells, and PGCs is SSEA-1 [50] . In this study, porcine PGCs from Day 25-30 were SSEA-1 positive, and SSEA-1-positive porcine PGCs could be detected as early as Day 18 in the dorsal mesentery of the hindgut [17] . Additionally, SSEA-1 could identify PGCs cultured on feeder cells [17] . This and previous studies [21] [22] [23] found that isolated porcine PGCs, when cultured in vitro using a mixture of growth factors and feeder cells, grew in colonies with ES-like morphology and were AP and SSEA-1 positive (Fig. 2) . Previously, we and others [21] [22] [23] have demonstrated that PGC-derived cells can differentiate in vitro and contribute to the formation of various organs when introduced into a host blastocyst.
Examination of the morphology of in vitro-cultured PGCs by electron microscopy indicated classical signs of apoptosis (Fig. 3, A-D) previously implicated in germ cell development during both the prenatal and postnatal periods [27, 34, 35] . Flow cytometric analysis showed that the mechanism of death of mouse prenatal germ cells during early development is apoptosis [27] . Also, mouse male germ cells degenerate autonomously by Fas-induced apoptosis during the fetal period [34] , and ovarian cell apoptosis is responsible for the atresia of 99.9% of follicles [35, 58] . Therefore, apoptosis could play a useful role in avoiding uncontrolled germ cell proliferation and in eliminating misplaced germ cells that might develop into germ cell tumors. When isolated mouse PGCs were cultured for 4-6 h, 20-60% showed typical apoptotic features [28] . Similarly, porcine PGCs that were induced to undergo apoptosis by culturing in suspension showed TUNEL-positive staining (Fig. 3, E and F) . The overall findings of the present study indicated that porcine PGCs in in vitro culture undergo rapid apoptosis. In preliminary experiments, we isolated porcine PGCs by mechanical disruption instead of with trypsin/EDTA and observed a similar effect of the MAC and NAC on apoptosis rate and the number of EG colonies after plating. We chose to switch to trypsin/EDTA collections, however, as this method produced not only more PGCs but also allowed for better purity of the cell separation. Thus, it is unlikely that our observations on apoptosis rate of isolated PGCs were due to the effects of the methods used for collecting PGCs.
In view of our observations, methods for inhibiting apoptosis should be beneficial for establishing and maintaining porcine EG cell lines. Apoptosis can be triggered in various ways, including growth factor deprivation, loss of contact with extracellular matrix, ROS, binding of death ligand, UV and ␥-radiation, and viral infection. Growth factors, in particular, are indispensable for maintaining survival and proliferation of mouse PGCs in vitro [37, 38] . The LIF is a well-known growth factor for maintaining an undifferentiated state and stimulating proliferation of mouse ES cells [59] . Also, in mouse PGCs, LIF can promote survival and stimulate proliferation [14, 60] through activation of the gp130 pathway [61] . Soluble SCF, the product of the Steel locus, can also support PGC survival and, with LIF, stimulate proliferation [60] . Furthermore, membrane-bound SCF, a splicing variant of SCF expressed by the feeder cells, is absolutely required for survival of PGCs [51, 60] . Thus, PGCs can survive and proliferate longer in the presence of feeder cells such as STO, TM 4, and Sl/Sl 4 -m220 cells, all of which express membrane-bound SCF. Another growth factor required for the establishment of embryonic germ (EG) cells from mouse PGCs is bFGF. Mouse PGCs express the receptor for bFGF, suggesting a direct mitogenic effect of bFGF on PGCs [62] . In the present study, porcine PGCs were cultured in medium containing LIF, SCF, and bFGF on STO feeder cells to establish an EG-like cell line, as described previously [21] .
While our culture system provided all known growth factors required to support survival and proliferation of PGCs in vitro, rapid loss of porcine PGCs indicated that apoptosis was still occurring. Inhibitors of proteases, such as cysteine, aspartic, and serine proteases have been shown to inhibit cell death [63, 64] , perhaps due to inhibition of proteases involved in apoptosis [44] . Antioxidants prevent harmful effects generated by oxidative stress and may prevent apoptosis resulting from increased ROS levels in cells [65] . To determine whether apoptosis inhibitors rescue in vitro-cultured porcine PGCs, effects of MAC, a broadrange protease inhibitor and known cytokine carrier, and NAC, an antioxidant were evaluated. ␣ 2 -Macroglobulin, a large homotetrameric glycoprotein found in plasma [66] , is a broad-range protease inhibitor that can also bind and transport cytokines into cells [67, 68] . Furthermore, MAC expression is activated by LIF in mouse ES cells [69] . NAcetylcysteine is a thiol-containing antioxidant that may rescue cells from apoptosis by promoting the uptake of extracellular cystine and synthesis of the cellular antioxidant, GSH, a potent inhibitor of oxidative stress and apoptosis [70] . Also, NAC can inhibit apoptosis in human male germ cells in vitro [71] . As shown in Figure 4 , both MAC and NAC increased the number of PGC colonies surviving after 8-10 days of culture and, when combined, had a slight additive effect. The maximal response for MAC was at 0.7 pM, but, even at 2.0 mM, the response to NAC had not plateaued (Fig. 5) .
Other protease inhibitors were tested in the present study, but only MAC was effective (Fig. 6A) . It was possible, however, that the protease inhibitors tested other than MAC could not have their optimal effects at the given concentration. Therefore, we performed a dose-response effect of TLCK on porcine PGCs. However, there were no significant differences among doses (data not shown). This result strongly suggests that the action of MAC may not be limited to its protease inhibitor activity. Because MAC is a cytokine carrier [67, 68] , and PGCs and EG cells in culture are dependent on cytokines [37, 38] , the beneficial effect of MAC may be due to its ability to facilitate the activity of cytokines present in the media to increase survival and proliferation of PGCs in culture.
All antioxidants tested in the present study were effective at increasing the number of AP-positive colonies, suggesting that by reducing the oxidative stress and apoptosis, there was a beneficial effect on the PGCs (Fig. 6B) . Glutathione, a potent cellular antioxidant present at a 1-10 mM in most cells, may decline during apoptosis [72] . Because cells can import GSH from the extracellular space [73] , additional GSH in medium could reduce oxidative stress and prevent apoptosis. Butylated hydroxyanisole, a synthetic phenolic antioxidant, reduces apoptosis by decreasing the intrinsic oxidative stress in leukemia cells [47, 74] . Nt-butyl-␣-phenylnitrone, also known as selenosubstilin, mimics the antioxidant enzyme glutathione peroxidase [75] . Along with CIM, an antioxidant known to suppress gastric acid secretion, BPN can also suppress apoptosis induced by oxidative stress [47] . These results suggest that oxidative stress is an inducer of apoptosis and that antioxidants suppress apoptosis in porcine PGCs. Oxidative stress is one of the factors involved in apoptosis in rat testicular germ cells and mouse embryonic stem cells [41, 76] . In experiments with mouse ES cells that have similar characteristics to PGCs apoptosis induced by increasing ROS could be suppressed by the addition of antioxidants such as NAC and GSH to culture medium (unpublished results).
From the different modes of action of MAC and the antioxidants, it is clear from results that MAC must be present throughout the culture period, while NAC acted only during the initial culture period where the transition from PGCs into EG cells occurred (Fig. 7) . This suggests that while porcine PGCs are very sensitive to oxidative stress, EG cells may be less sensitive.
While all the experiments up to this point pointed to a beneficial effect of both molecules on the survival of PGCs in culture, we had not been able to differentiate between a direct effect on the PGCs or a possible indirect effect through action on the feeder cells. When PGCs cultured in the absence of the feeder cells for a short period of time (up to 72 h), direct effects of both MAC and NAC were detected (Fig. 8) . However, MAC had a positive effect only if growth factors were present in the medium reinforcing speculation that the beneficial effect of MAC is due to its ability to transport cytokines provided in the medium and serum or produced by feeder layer. Thus, the beneficial effect of MAC on PGCs requires a constant supply of MAC and cytokines in the medium (Fig. 7A) . The NAC, on the other hand, was equally effective in the presence and absence of growth factors, although the response was greater in the presence of growth factors. While NAC has the antiapoptotic functions on PGCs that is enhanced by growth factors, there is also an effect of NAC that is independent of apoptosis inhibition. Furthermore, the beneficial effects of MAC and GSH on survival of porcine PGCs resulted from the inhibition of apoptosis during the early culture period, as confirmed by using a quantitative in situ TUNEL assay (Figs. 9 and 10) .
The molecular events governing apoptosis in cultured porcine PGCs are not known. Results from several studies suggest the involvement of products of the Bcl-2 gene family in apoptosis especially that induced by oxidative stress [77] . Also, Bcl-2 inhibits retinoic acid-induced apoptosis during neural differentiation from embryonal stem cells [78] . Activation of the gp130 pathway by LIF increases the expression of Bcl-xL, one of the antiapoptotic members of Bcl-2 family [79] . Further studies are required to elucidate the exact molecular mechanism(s) that control apoptosis in porcine PGCs in culture.
Previously, we have isolated pluripotential EG-like cells from porcine PGCs [21] . Clearly, the next step is to do gene targeting in this cell line; however, there is a large amount of PGC loss during the initial period of culture due to apoptosis. Thus, the results of the present study suggest means to suppress apoptosis in porcine PGCs in culture. This should increase the probability of gene targeting in porcine PGCs by increasing the number of cells available for homologous recombination. Recent studies with bovine nuclear transfer [26] indicated that germ cells could be reprogrammed and drive subsequent development of the transferred embryo. Therefore, suppression of apoptosis of PGCs in culture could also improve the quality of donor cells for nuclear transplantation.
